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Geometrical and Sequence Characteristics of a-Helices in
Globular Proteins

Sandeep Kumar and Manju Bansal
Molecular Biophysics Unit, Indian Institute of Science, Bangalore 560 012, India

ABSTRACT Understanding the sequence-structure relationships in globular proteins is important for reliable protein
structure prediction and de novo design. Using a database of 1131 «a-helices with nonidentical sequences from 205
nonhomologous globular protein chains, we have analyzed structural and sequence characteristics of a-helices. We find that
geometries of more than 99% of all the a-helices can be simply characterised as being linear, curved, or kinked. Only a small
number of a-helices (~4%) show sharp localized bends in their middle regions, and thus are classified as kinked. Approx-
imately three-fourths (~73%) of the a-helices in globular proteins show varying degrees of smooth curvature, with a mean
radius of curvature of 65 + 33 A; longer helices are less curved. Computation of helix accessibility to the solvent indicates
that nearly two-thirds of the helices (~66%) are largely buried in the protein core, and the length and geometry of the helices
are not correlated with their location in the protein globule. However, the amino acid compositions and propensities of
individual amino acids to occur in a-helices vary with their location in the protein globule, their geometries, and their lengths.
In particular, GIn, Glu, Lys, and Arg are found more often in helices near the surface of globular proteins. Interestingly, kinks
often seem to occur in regions where amino acids with low helix propensities (e.g., B-branched and aromatic residues) cluster
together, in addition to those associated with the occurrence of proline residues. Hence the propensities of individual amino
acids to occur in a given secondary structure depend not only on conformation but also on its length, geometry, and location
in the protein globule.

INTRODUCTION

Using basic stereochemical principles and recognizing théyzed sequences and geometries of 64 larigelices with
planarity of the peptide bond, Pauling et al. (1951) deducedengths greater than 25 residues taken from 45 globular
the a-helical structure as one of the two possible hydrogenproteins (Kumar and Bansal, 1996). It was observed that
bonded conformations for the polypeptide chains in prodong a-helices have unique amino acid composition char-
teins. Subsequent solution of the three-dimensional struacteristics that distinguish them from the sharhelices,
ture for myoglobin by x-ray crystallography (Kendrew et taken from the data set of Richardson and Richardson
al., 1958) proved the validity of this model. Today it is well (1988). The amino acid distribution in longhelices could
known that then-helix is one of the most common second- be correlated with their overall geometry and, in the case of
ary structural motifs in proteins. Because of the regularcurved helices, with the radius of curvature. We have now
occurrence ofi( i — 4) hydrogen bonds in the main chain, extended these studies to study variation in amino acid
the a-helices in proteins are generally quite uniform, with distribution ina-helices with respect to several parameters,
their helical parameters unit twist) (and unit heightif)  with a data set that includes helices of all lengths in the June
lying within well-defined ranges. Howevet-helices have 1995 Protein Data Bank (PDB) (Bernstein et al., 1977).
been observed to be distorted for a variety of reasons, fodsing HELANAL (Kumar and Bansal, 1996) to character-
example, occurrence of proline residues (Barlow andze a-helix geometry in a database of 113%helices of
Thornton, 1988), solvent-induced distortions (Blundell etnonidentical sequences, from 205 nonhomologous globular
al., 1983), and peptide bond distortions (Chakarabarti et alprotein chains, we found that the following rules are gen-
1986). erally observed for all helices: 1) Almost althelices can

A systematic analysis of helix geometries found in glob-be unambiguously characterized as being linear, curved, or
ular proteins was first reported by Barlow and Thorntonkinked. 2) The majority ofx-helices are smoothly curved
(1988). They found that most of the-helices in globular and show varying degrees of curvature, with longer helices
proteins were smoothly curved. We had previously anapreferring a sharp kink to high smooth curvature. 3) Amino
acid distribution and propensities of individual amino acids
to occur in ana-helix depend on its location in the protein
Received for publication 1 December 1997 and in final form 8 June 1998globule, on its length and geometry, and in the case where
Address reprint requests to Dr. Manju Bansal, Molecular Biophysics Unit,the helix is smoothly curved, on its radius of curvature.
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1992; Hobohm and Sander, 1994) to select a subset database of 2@stimation of kink angle in the case of

nonhomologous globular protein chains whose three-dimensional stlukinked helices

tures have been solved by x-ray crystallography to a resolution of 2.5 A or

better. One thousand one hundred thirty-one (1k8hglices of noniden-  As mentioned above, the geometry of ahelix was classified as kinked

tical sequences and nine or more amino acid residues found in these proteinthe maximum local bending angle, computed by HELANAL, exceeds

chains constitute the database for the studies presented here. We have oply*. The kinks are localized in a small region in the middle of the kinked

considered helices consisting of nine or more residues because thesglices. The region of kink is characterized by the large values of the local

helices contain at least one residue in which both NH ardGCare bending angles>*20°) and hydrogen bond distances3.5 A) at several

hydrogen bonded. Besides this, because HELANAL characterizes theonsecutive residues, and is identified from plots of the local bending angle

overall geometry of anv-helix from its local structural features (Kumar at the residue numbéand the hydrogen bond distance ¢ON, _ ,) versus

and Bansal, 1996, and briefly described below), the use of nine residues ae residue numberin the helix (Kumar and Bansal, 1996). Each kinked

the minimum helix length ensures that we have sufficient data points tax-helix was then divided into two segments, consisting of fragments before

deduce its overall geometry. and after the region of kink, and the kink angle was calculated as the angle
between the least-squares lines fitted to the local helix origins in these two
segments after the kink region was excluded.

Helix boundaries

Initially, protein chain segments of length greater than eight residues anComputation of helix accessibility to the solvent

defined as helices by the Dictionary of Protein Secondary Structure (DSSP)

(Kabsch and Sander, 1983) were taken for each of the 205 protein chain§olvent accessibility (Vorobjev and Hermans, 1997) of ahelix is
Boundaries of these helices were checked and' if necessary, reassign@@lcmated as the ratio of accessible surface area of the helix within the

according to the following additional criteria: protein to its accessible surface area upon its isolation from the protein. The
1. The distancéO,—N;_ ,| = 3.5 A at helix termini. accessible surface area of the helix is the sum of the accessible surface
2. Angles between successive local helix axes at the helix termini regioreas of all of the atoms in the helix. The accessible surface area for each

are less than 20° (Kumar and Bansal, 1996). atom in the helix is calculated by the method of Lee and Richard (1971),

using a probe radius of 1.4 A. For each helix, the whole protein in the
crystal asymmetrical unit including all subunits has been considered for
computation of its helix accessibility. We have used helix accessibility as

Helix geometry and structural parameters a measure of its location in the protein globule.

of a-helices

We have used an in-house developed computer program called HELANAlSt tistical thod
(Kumar and Bansal, 1996) to deduce the overall geometry af-aelix austical methods

from its local structural features, namely, local bending angles and locale gatabase of 113&-helices is subdivided into various categories
helix axes computed for every four consecutiveatoms. This window of  504rding to helix location in tertiary structure (i.e., their solvent accessi-

four C* atoms was slid over the length of the helix in steps of oh@Om. i) and geometry (viz., linear, curved, and kinked). Furthermore, the

The geometry of the helix is assigned from the values of four param-,eq helices are classified according to the radius of curvature ranges.

eters, namely, the maximum local bending angle in the helix, defining the,ajices in the database are also subdivided into two broad length groups,
largest distortion in the helix; the root mean square deviations for the ling;; chort helices (9-21 residues) and long helicegX residues), i.e.

(rmsL) and the circle (rmsC) fitted to the_l9ca| helix origins that trace out hnse that are significantly longer than one full repeat (18 residues) for
the three-dimensional path of helix axis; ap%i the square of linear , holices. In each of these classes at least five amino acid residues of each
correlation coefficient for the line fit. If the maximum bending angle for the type are present in the database, and propensities for individual amino acid

helix is 220:’ the helix is classified as kinked. If the maximum bending 56 computed according to the formula given by Williams et al. (1987). The
angle is<20°, then we look at the other three parameters. If both rmsC and 2 a5t has been used to determine whether the differences in the amino

rmsL are>1 A, we do not assign any geometry type to the helix because, iy gistributions ofa-helices in any two classes are significant (Medhi,
this implies large and random distortions in the helix. If either one or bothlggz). To measure the differences in the sequence compositions of helices
of the parameters rmsC and rmsL are less than 1 A, then we compute thg 5y two classes, Euclidean and Hamming distances are also computed in
ratio, rmsL/rmsC. A value greater than 1 for the ratio indicates that the,q_qimensional amino acid composition space (Chou and Zhang, 1995).
circle fits the local helix origins better than the line, and we assign helixggcayse these two parameters showed identical trends in all calculations,
geometry as curved. If the ratio is0.7, it is implied that the line fits the ;v the values of Hamming distances have been discussed in detail.
local helix origins better than the circle. We validate the helix geometry toChange in proportion of an amino acid in a given helix class is considered

be genuinely linear if* = 0.8. However, if the validation fails, thatis,< 5 po significant if it is greater thano? whereo is the estimated standard
0.8, we do not assign any geometrical type to the helix. A value of 0.7-1.%4eviation (Medhi, 1992).

for the ratio defines a zone where line and the circle fit the local helix

origins almost equally well. We have only a fewhelices in this zone. In

this zone, ir? = 0.8, i.e., the local helix origins significantly correlate with RESULTS AND DISCUSSION

line, the helix geometry is again classified as linear. But?i 0.5, i.e.,

correlation of the local helix origins with the line is insignificant and could The commonly assigned structural parameters, unit height
be expected by random chance, the helix geometry is classified as curveg.nd unit twist for thea-helices, do not show Iarge varia-

For values of? in the range between 0.5 and 0.8, the helix geometry typeti n Iso noted in our earlier analvsis of | i
is ambiguous. Hence no geometrical type is assigned to the helix. ons, as also note our earlier analysis 0 Qnge ces

Helical parameters af-helices, viz., unit height and unit twist, are also (Kum-ar and Bansal, 1996). Mean unit tWiSt_for the 1131
computed by HELANAL for every four € atoms. For each of the 205 «a-helices ranges between 94° and 103°, with an average
nonhomologous protein chains in our database, there exists a correspongiglye of (99= 1)°. The mean unit height for these helices

ing DSSP file containing secondary structure assignments. Among sever?\bnges between 1.3 A and 1.7 A with an average value of
other parameters, these DSSP files contain values of virtual torsion angle : S

+
and ¢, ¢ for each residue in the protein chain. We have used the vaIues(sl'51 - 0'03) A. The average values for the backbone

corresponding to the residues in 118%elices for structural analysis of torSiO_n anglesd, l[/) in the middle regiong of 113_&'he"'
the helices. ces, i.e., the residues other than those in the first and last
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turns in the helices, are—63 + 7)° and (43 = 8)°,  32) A, respectively. Fig. 2 shows a plot of mean helix
respectively, whereas the average value for the virtual torlength for helices in different curvature ranges versus the
sion angles computed for every four successif@Oms in  radius of curvature. It can be seen that the mean helix length
the 1131 helices is (5& 6)°. These observations indicate increases linearly with the radius of curvature (square of
that structural parameters ofhelices are quite uniform, linear correlation coefficient;? = 0.96). It is interesting to
and deviations from regularity (linearity) im-helices can- find that the minimum radius of curvature for each helix
not be estimated from these parameters alone. length also increases linearly with the helix length (square
of linear correlation coefficient? = 0.93). These observa-
tions indicate that longer helices tend to be less curved than
Geometrical and length distribution of a-helices shorter ones. Barlow and Thornton (1988) had also noted
in globular proteins that long helices in coiled coils are less curved than the short
Of 1131 a-helices in our database, with helix lengths rang-{;g“iz (')rf] C%?VZ%LE:; ?::)r:ﬁl)rlcsbeT:&Jssta:;[nzgz‘erarfotgatataec:“c?\r/]er
ing between 9 and 37 residues, 1122 (99.2%) can be Chaerflgng polypeptide helix propag
acterized as being linear, curved, or kinked. In only nine '
cases (0.8%) the helices are either irregular or their geom-
etries cannot be assigned unambiguously. A majority (821
of 1131, 72.6%) of thex-helices in globular proteins are Do a-helices with different lengths or geometries
smoothly curved, as also found in the earlier analyses byccur in different regions of the protein globule?
Barlow and Thornton (1988) and Kumar and Bansal (1996)
The proportions of linear and kinked helices are 22.6% (25
of 1131) and 4% (45 of 1131), respectively. Fig. 1 shows thq
distribution of a-helices with respect to helix length (num-

ost of thea-helices in globular proteins are quite short;
he mean helix length in the present data set is 14 residues.
tis generally believed that the length @fhelices is limited
ber of residues in an-helix) in each of the three geometric by the size of the'protem (Crelghton,'1993). Thus one mlght
. . expect a correlation between the helix length and the size of
classes, as well as in the whole database of XkdBtlices. . . . . .
; . the protein as defined by the number of amino acid residues
The number of crystallographically observed helices de-

creases rapidly with the increase in helix length. This ob " the protein. In our database, we do not observe any such

servation is in conformity with the observations of Barlow correlation. For example, a small 56-residue polypeptide

and Thornton (1988), Blundell and Zhu (1995), and Zhu and 2 of COIE1 Rop contains two lorghelices, forming an
antiparallel coiled coil (Banner et al., 1987).

Blundell (1996). However, our database does not show It may also be expected that part or the whole of longer

maxima corresponding to helix nggths of 7, 11,155, anc11e|ices may be exposed to solvent, whereas shorter helices
22 residues, as observed by Srinivasan (1976). The mean

. . . . can be readily buried in the protein core, i.e., long and short
helix length in our database of 113thelices is (14+ 5) helices may occur in different regions of the protein globule.

residues, whereas the mean helix lengths for linear, curveqNe have tested this hypothesis by computing solvent ac-
and kinked helices are (12 3), (14 = '5), and (20+ 6), cessibility for each of the 113&-helices. Accessibility of

respectively, indicating that kinked helices are usually hell fi its | ion in th ) :
longer than the average an a-helix defines its location in the protein tertiary struc-
. ture (Blundell and Zhu, 1995; Zhu and Blundell, 1996) and

The database of 113d-helices is also subdivided into . . ; .
: L in quaternary structure, in the case of proteins containing
two length classes, namely sharhelices (containing 9-21 . -
more than one subunit. Mean solvent accessibility for the

residues) accounting for 1046 (92.5%) of 11@helices . . o .
and 85 ()7 506) Iongg-helices ?(21 re;?dues) The 1046 1131 a-helices is (32+ 15)%. The majority of the helices

, : ' (751 of 1131, 66.4%) are “largely buried” in the protein
short a-helices include 758 (72.5%) curved, 251 (24%) . -
i ; .' ' core, i.e., have less than 40% solvent accessibility. 356
linear, and 28 (2.7%) kinked-helices, whereas the 85 long 0 . - -~ 0
a-helices include 63 (74.1%) curved, 5 (5.9%) linear, ando+>7) helices are “partially buried” (40-60% solvent
17 (20%) kinkedx helices. Thus amor;g longrhelices tr,Ie accessibility), and only 24 (2.1%) are “largely exposed”

proportion of kinked helices increases at the expense (f>60% solvent accessibility) to the solvent. The mean helix
linear helices qengths for largely buried, partly buried, and largely ex-

posed helices are (14 4), (14 = 5), and (16 = 6),
respectively. Fig. 3 shows a plot of solvent accessibilities of
1131 «-helices versus their lengths. There is no significant
correlation between length and solvent accessibility, indi-
cating that arx-helix of any length can occur anywhere in
The mean radius of curvature for 821 curved helices ighe protein globule, and there is no segregation between
(65 =+ 33) A (range 8—373 A). Fig. 2 shows the distribu- long and short:-helices into different regions of the protein
tion of helices with respect to the radius of curvature. Theglobule.

average radii of curvature in the two length classes of A kink in an a-helix, containing a proline residue after
curved helices, viz., shod-helices with 9-21 residues and the first four positions, facilitates compensatory hydrogen
long helices with>21 residues, are (63 34) A and (96+ bond formation between solvent and residues3 andi —

Longer helices are generally less curved than
shorter ones
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FIGURE 2 @) Bar diagram showing distribution of 821 curveeheli-

ces with respect to their radius of curvature. ®exis denotes the radius

of curvature, and thg axis denotes the number of helices. The mean radius
of curvature for all 821 curved-helices is (65+ 33) A. (b) Mean number

of residues fora-helices in each of the seven classes, viz. radius of
curvature ranges of 0-25 A, 25-50 A, 50—75 A, 75-100 A, 100-125 A,
125-150 A, and 150-175 A. The mean helix length (number of residues)
(y axis) is plotted against the midvalues of radii of curvature ranges in the
above seven ranges &xis).

4 (relative to a proline residue at tit@ position) (Woolfson
and Williams, 1990). Besides, water is known to induce
bends and kinks inx-helices (Blundell et al., 1983). Ac-
cording to these concepts, one would expect helix geometry
to be correlated with its solvent accessibility and kinked
helices to occur predominantly on the protein surface. Fig.
4 shows distributions of linear, curved, and kinked helices
with helix accessibility, and it is clear that there is no
significant correlation between helix geometry and solvent
accessibility. In addition, it is found that solvent accessibil-
ities of Pro and Gly residues at kink regions are similar to
the mean residue accessibility of that kinked helix, indicat-
ing that there is no noticeable preference for Pro and Gly at
kinks to be exposed on the protein surface.

FIGURE 1 Histograms showing the length distribution of @helices
(>8 residues in length) in globular proteins. Thaxis denotes the number
of residues in thex-helix (helix length). They axis denotes the number of
helices. &) All 1131 a-helices. b) 821 curveda-helices. €) 256 linear
a-helices. ¢l) 45 kinkeda-helices. In the case of nine-helices, no helix
geometry is assigned.
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100 - ; ' 1995; Zhu and Blundell, 1996). In this report, we present
ALt further evidence for the variations observed in amino acid
propensities ina-helices with respect to the length and
geometries of the helices, as well as their location in the
protein globule.

751

sor Amino acid compositions of a-helices vary with

their location in the protein globule

In general, we find that all 20 amino acids are less acces-
sible to the solvent when presentdnhelices as compared

to their average accessibilities in the whole protein globule.
This finding is consistent with the observation in the pre-
vious section that most of the-helices are buried in the
protein core. The question arises whether the amino distri-
butions in thea-helices vary with their location in the
FIGURE 3 Plot showing solvent accessibility of all 118helices (he-  protein globule. Table 1 showg® comparison and Ham-

lix accessibility) with respect to number of residues in the helices. The besming distances among amino acid distributions in various
fit Iine_in_(_jicates _that there is no significant correlation between helix halix accessibility classes. It can be seen that differences
accessibility and its length. among the amino acid compositions of helices in different
accessibility classes are highly significant. Large and con-
sistently increasing values of Hamming distances reflect
that amino acid compositions of these classes are well
separated in the 20-dimensional amino acid composition
Helix-forming propensities of various amino acids in bar- space. Propensities of several amino acids vary with helix
nase have been analyzed by Fersht and co-workers (Serraaocessibility. Fig. 5 shows the variations in propensities of
and Fersht, 1989; Serrano et al., 1992) with site-directed\la, Leu, GIn, Glu, Lys, and Arg as a function of helix
mutagenesis experiments, and they concluded that assigniagcessibility. Propensities of aliphatic amino acids Ala and
a unique and generally applicable helix-forming propensityLeu decrease linearly with increase in helix accessibility.
to an amino acid may not be valid. Chakrabartty et al.Proportions of Ala and Leu decrease from 15.4% and
(1991) also found a strong positional dependence fod3.0%, respectively, in helices with less than 10% helix
Ala—Gly substitutions in alanine-based peptides. Theaccessibility, to 11.6% and 10.4%, respectively, in helices
amino acid distributions in the middle of helices are differ- with 50—60% accessibility. The changes in proportions of
ent from those at helix termini (Argos and Palau, 1982;Ala and Leu are significant at the 95% level of confidence.
Richardson and Richardson, 1988; Kumar and BansalThese observations indicate that Ala and Leu occur more
1998). Helix propensities of amino acids vary with positionfrequently in a buried helix than in a helix near or on the
of the helix in protein tertiary structure (Blundell and Zhu, protein surface, as expected on the basis of their hydropho-
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TABLE 1 Values of x> comparison and Hamming distances
for amino acid distributions in various helix
accessibility classes 2

Helix M M

accessibility 0-10 10-20 20-30 30-40 40-50 50-60 60-70
(%)  (111) (145) (194) (301) (260) (96)  (21)

3
A =081 L#=094

0-10 135.0 399.2 1063.1 1516.7 1095.5 305.7
(111) 155 261 325 391 520 585
10-20 98.8 311.3 5155 4842 1629 3 P z
(145) 140 212 274 407 476 poar-os Er-0%
20-30 98.3 1853 227.0 80.0 re
(194) 128 172 301 370 2 */’)4
30-40 80.9 1476 57.4 a 1
(301) 118 251 338 e
40-50 70.2 38.7 0
(260) 179 284
50-60 26.1
(96) 281 8 K =098 R # =091
The number of helices in each accessibility class is given in parenthesis. In -
each cell the first number represents the valug?pind the second number
represents the Hamming distance (D. U.) between two helix classes whose M
amino acid distribution are being compared. D. U. stands for distance units. !
For a 19-parameter system such as amino acid distribution in each helix

class, the null hypothesis is rejected at the 95% level of confidgmee ( 00 20 40 60 O 20 40 60

0.05) if * > 30.14.
HELIX ACCESSIBILITY (%)

bic character. Propensities of the char_ged a_mmo QCIdS GILf'—"IGURE 5 Helix propensities of amino acid residues Ala, Leu, Glu, GIn,

Lys, and Arg and the polar neutral amino acid GIn increaseys, and Arg, which show variation with the location of helix in the protein

linearly with helix accessibility, implying that they are more globule. In each diagram, helix accessibility is along %haxis, and the

frequent in helices that are near or on the protein surfaceropensity of the amino acid is along tlyeaxis. The lines fitted by the.

Changes in proportion all four of these amino acids, Glu/¢2st-squares method are also shown. The value of the square of linear

4.6% in helices with less than 10% accessibility to 12 50/correlatlon coefficientr?) and the single-letter amino acid code are indi-

_( 070 ! 70 Yy 2 70cated in the upper left corner of each box.

in helices with 50—60% accessibilith = +7.9%), GIn

(3.5% in helices with less than 10% accessibility to 5.9% in

helices with 50—-60% accessibilit,= +2.4%), Lys (2.0% . _ o
in helices with less than 10% accessibility to 11.6% inhydrogen bonds are broken in the regions of kink in these

helices with 50—60% accessibilith, = +9.6%), and Arg helices (defined in Materials and Methods). The average
(3.8% in helices with less than 10% accessibility to 8.2% invalue for the kink angle in the 45 kinked helices is (33
helices with 50—60% accessibilith, = +4.4%), are large 11)°, and that of the largest local bending angle in their

and highly significant, even at the 99.99% level of confidenceregions of kink is (34= 11)°. It is interesting to note that
mean values of torsion angles,(y) in kinked helices are

. . - . (—=65= 11)°and (41 = 10)°, respectively, which are very
Does amino acid composition of an a-helix similar to those in lineardy = (—63 = 8)°, i = (—42 +
encode its geometry? 10)°) and curved g = (—63 = 6)°, & = (—42 = 7)°)
As shown aboveg-helices in proteins do not always follow helices. However, the standard deviation values for kinked
a straight or linear path. Rather, they bend and kink tdhelices are slightly higher because of larger deviations in the
optimize their interactions with rest of the protein coreregions of kink. In 25 of 45 kinked helices, the kink is
and/or solvent. These helix geometries are not a conseaused by the presence of the imino acid residue proline,
quence of thermal fluctuations and inaccuracies in the proand the average value of the kink angle in these helices is
tein crystal structure data, because we find that the mea(82 * 8)° (range 17-58°). Nine helices contain Gly residue
B-factor calculated for the €atoms of the helices remains in the region of the kink; the average kink angle in these
nearly constant for all helices and does not depend on thelelices is (37= 14)° (range 17-60°). Both Pro and Gly
geometries or their lengths. Thus helix geometries found irfesidues are present at four of the kinked regions, and one
globular proteins are inherent properties whelices and ~ Kink contains two successive prolines. Thus 29 kinks in our

may be encoded in their amino acid distributions. database are accounted for by Gly and Pro.
The remaining 17 kinks are caused by residues other than

I . . Pro and Gly in 16a-helices. The kink angles for these
Characteristics of kinked a-helices helices vary in the range of 8—66°; the average is £33
Our database of 113d-helices contains 45 kinked-heli-  15)°. In these 17 kinked regiong;branched residues (Val,
ces, with a total of 46 kinks. On an average, two main-chairile, or Thr) were found to occur eight times, aromatic amino
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acids (Tyr, Trp, or Phe) five times, and His once. The 181 |
regions of kink in three helices contain b@koranched and T
aromatic residues. 0.8 —

Table 2 showsy? comparisons and Hamming distances minll H
for amino acid distributions in various helix classes. The 0
differences between the amino acid distributions of linear 181 w
and curved helices are not significant, whereas those be- — M
tween linear and kinked helices as well as between curved 0.81 M o
and kinked helices are significant, even at the 99.99% level > F
of confidence | < 0.001,)? values> 43.82). These results £ 0
indicate that amino acid distribution in 45 kinked helices is S185 — A
significantly different from the amino acid distributions in g i T
linear and curved helices. 0.8

Propensity values for the amino acids that show large
differences among the various geometrical classes of helices 0
are shown in Fig. 6. In addition to proline, several other 1.81C "
amino acids also show appreciable changes in their propen- mimlil
sities to occur in kinked helices. Propensities of Pro, lle, 0.8
Trp, Tyr, and GIn show an increase for kinked helices as HHHH
compared to linear and curved helices, whereas propensities 0= ¢ L« A c L K

of Ala, His, and Glu show an appreciable decrease. Amino

acid distribution in the regions of kink in the 45 kinked FIGURE 6 Bar diagrams showing variation in propensities with respect

a-helices can be useful in identifying kink-causing residuesto helix ggonjetry for _those amino qcids that show a Iarge increase or
: ) . . - “decrease in kinked helices. Amino acids are denoted by a single-letter code

Proportions of amino acid residues Ala (13.0% in all heli-jy the upper left corner of each box. Bars along the horizontal axis

ces, 10.7% in kinked helices, 8.7% in the region of kink) correspond to A: all 113#&-helices; C: 821 curved-helices; L: 256 linear

and Glu (8.2% in all helices, 6.2% in kinked helices, 3.8%«-helices; and K: 45 kinked helices, respectively.

in the region of kink) decrease, whereas the proportion of

Pro (1.6% in all helices, 3.7% in kinked helices, 14.1% in

the region of kink) increases by large amounts. Changes iall of the 1131a-helices are significant at the 95% level of

proportions of Pro and Glu in the 45 kinked helices as wellconfidence. Pro is well known to cause kinksdrhelical

as in their kinked regions with respect to their proportions instructure (Woolfson and Williams, 1990; Von Heijne, 1991;

Sankararamakrishnan and Vishveshwara, 1992), but a de-

crease in the proportion of Glu in kinked helices is inter-

TABLE 2 Values of x2 comparison and Hamming distances esting and suggests that Glu may have a tendency to resist
in the amino acid compositions of various classes of a- the occurrence of sharp bends/kinksiéhelices. Given the
helices, characterized by their geometry and length conformational flexibility of Gly, it may be expected to

Hamming have a higher propensity to occur in kinked regions of
distance helices. In our studies, the propensity of Gly to occur in

H 2 . . . .
Helix classes X" value  (D.U) kinked a-helices remains more or less equal to that in
Geometrical classes ia-helices curved or linear helices, but the proportion of Gly increases
Curved (821) vs. linear (256) 27.01 750  from 3.3% in the complete kinked helices to 6.1% in the
Curved (821) vs. kinked (45) 58.85 16.70

regions of kink, indicating a tendency for Gly to be seques-

Linear (256) vs. kinked (45 48.71 16.00 . . . . . .

(236) (49) tered in the kinked regions, when it does occur in kinked
821 curved helices classified according to radius of curvature helices. However, thed(, ) values for these Gly residues

0 A-25 A (36) vs. 25 A-50 A (288) 188.12 19.40 are similar to those for other amino acids in the kink

25 A-50 A (288) vs. 50 A-75 A (245) 43.98 8.90 regions.

50 A-75 A (245) vs. 75 A-100 A (139) 37.42 9.70

75 A—100 A (139) vs. 100 A-125 A (67) 16.84 9.40

100 A-125 A (67) vs>125 A (46) 41.47 1340 In the case of smoothly curved a-helices,

amino acid composition varies with the

Helices classified according to helix length (only middle regions of A
radius of curvature

helices were considered)

Short (1046) vs. long (85) 44.98 1480 gjgnificant differences are observed in amino acid distribu-

The number of helices in each class is given in parenthesis, along with thfions for helices in radii of curvature ranges 0-25 A and
helix class name. For a 19-parameter system such as amino acid distrib%_50 A 25-50 A and 50-75 A. 50-75 A and 75-100 A
tion, the null hypothesis is rejected at the 95% < 0.05) level of ! p . '
confidence, ify?> > 30.14. D. U. stands for distance units. The middle _100_sz5 A’ ?md>_12_5 A’, as seen from Tf:?b|€ 2. Differences
region of ana-helix corresponds to the residues remaining after the firstin @mino acid distributions are insignificant between the

and last four residues are removed. classes 75-100 A and 100-125 A. Variation in propensities
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of amino acids that show appreciable differences in fivewhereas Met and Arg show an increase followed by a sharp
radius of curvature classes, namely, 0-25 A, 25-50 Agdecrease for large a radius of curvature class (100-125 A).
50-75 A, 75-100 A, and 100-125 A are shown in Fig. 7.The amino acid residues Leu, GIn, Lys, and Cys generally
The propensity to occur in the complete dataset of 82khow increasing propensities for helices with larger radii of
curved a-helices is also plotted alongside in each figure.curvature, whereas Val, Thr, Pro, Phe, and Trp show an
The helix-forming propensities of Ala, Asn, and Glu remain opposite trend. It is interesting to note that the amino acid
nearly constant for helices in all radius of curvature classesesidues Pro, Val, Phe, Thr, and Gly, which have all been

found to be favored at kink regions, also have considerably

higher propensities to occur in the highly curved helices

1.8 ) Q (radius of curvatures 25 A) than in the helices with larger
m radii of curvature, as seen from Fig. 7. However, lle, Tyr,
0.0 and GlIn, which are also often found at kinks, have very low
propensities for such highly curved helices. In particular,
H proportions of Thr (4.6% in all 821 curved helices, 6.9% in
0 the 36 highly curved heliced, = +2.3%) and Gly (3.9% in

all 821 curved helices, 7.2% in the 36 highly curved helices,
A = + 3.3%) increase significantly in the case of highly
curved helices. The proportion of Thr also decreases signif-

c M
0.9 icantly in the case of the less curved helices with radius of
H curvature> 125 A (4.6% in all 821 curved helices, 2.7% in
Hﬂ the case of the 46 less curved helicdss —1.9%). Given

that Gly has greater conformational flexibility than other
amino acids, it is possible for Gly residues to cause local

1.8

o

1.8
ﬁ K R bends (less severe than kinks)drhelices, thus leading to
= their being highly curved. It is interesting to note that Pro is
z 0.9 HHHHHH I_H_\ also found to occur in highly curved helices, whereas it is
Py rare in helices with large radii of curvature. The above
& 0 observations clearly demonstrate curvature-dependent se-

quence variations in curved-helices.
1.8

v
0.9 Amino acid composition of long a-helices differs
H H l_l—\ from that of short a-helices

a-Helices in globular proteins show length-dependent se-
quence variations, with amino acids having longer side
F w chains and/or a greater number of side-chain functional
groups occurring more frequently in longerhelices (Ku-
0.9 mar and Bansal, 1996). Whereas N-cap and C-cap regions
H HHH (Presta and Rose, 1988) wrhelices are expected to be
similar for helices of all lengths, length-dependent varia-
tions may occur in the middle regions @fhelices. Table 2
1.8 showsy? comparisons as well as Hamming distances for the
G P middle regions of helices classified into two length classes,
viz., short helices (1046 helices with 9-21 residues) and
long helices (85 helices witkr21 residues). It can be seen
H ﬂl—ll_”_‘ [_\HH[_‘F—H_\ that the differences in the distributions of amino acids in the
middle regions of helices in these two length classes are
significant even at the 99.99%4 > 43.82) level of con-
fidence. Proportions of amino acid residues Lel €
FIGURE 7 Bar diagrams showing the variation in propensities of amino+1.3%), GIn @ = +1.1%), and Arg 4 = +1.4%) increase
acids in curvede-helices with respect to radius of curvature. Only amino substantially, whereas those of Ala € —2.8%), Val A =
acids that show interesting features have been shown. They are identified- 2,09%), and Lys 4 = —0.9%) show an appreciable de-
by a single-le_tter code in the upper left corner of eagh box. Bars along th%rease for longer helices. Changes in the proportions of Ala,
horizontal axis correspond to (C) all 821 curveehelices, followed by Ar nd Val are significant at the 95% level of confidence.
ranges of radius of curvature between Q1A and 25 A; (2) 25 A and 50 g.a o ala e 59 ; Cca a, ¢ : evelo C,O e (?e
A; (3) 50 A and 75 A: (4) 75 A and 100 A; and (5) 100 A and 125 A, Propensities of individual amino acids to occur in the mid-
respectively. dle regions of short and long+-helices are given in Table 3.

o

1.8

0.9

cC12 3 45 C1 2 3 435
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TABLE 3 Statistical propensities for individual amino acids design, because it implies that one can regulate the curva-
to occur in middle regions (as defined in Table 2) of all 1131 ture range of anx-helix by varying its length and compo-

z‘l‘:ses!:’se:;:‘)'a"r';fe‘l’;'th the propensities in the short and long sition. Furthermore, one should be able to predict the ap-
. . : proximate curvature of an-helix based on its length and

o All helices — — Shorta-helices  Long a-helices  gaqence. This, in turn, requires an accurate estimation of

Amino acid  (9-37 residues) (9-21 residues)  (>21 residues) helix Iength This can be done by recognizing some “se-

Ala (A) 1.56+ 0.05 1.63+ 0.05 1.32+0.10 quence punctuation marks” in the form of characteristic
+ + + . . . . . s
Cys (€) 0.87+0.09 0.76+0.10 1.24=0.24 amino acid residues found to occur with high propensities at
Asp (D) 0.74+ 0.04 0.72+ 0.05 0.81* 0.09 : -
Glu () 116+ 0.05 1.18+ 0.06 108+ 0.11 the helix termini (Kumar and Bansal, 1998). The develop-
Phe (F) 0.94* 0.06 0.98+ 0.07 0.82+ 0.11 ment of sensitive prediction methods that can incorporate
Gly (G) 0.43% 0.03 0.41+ 0.03 0.49+ 0.06 variations in amino acid propensities with respect to various
;'IS(I()H) f-zgi 8-82 2-1‘7& 8-82 g-iii 8-:13 structural parameters described here as well as with respect
e 16+ 0. A7+ 0. 14+ 0. H H
Lys (K) 112+ 0.05 115+ 006 101x 010 to the N- and C .termlnal regions (Kumar and Bansal, 1.998)
Leu (L) 135+ 005 132+ 0.05 147+ 011 should result in improvement in secondary as well as higher
Met (M) 1.41+ 0.09 1.37+ 0.10 151+ 0.21 order structure prediction. For example, a high content of
Asn (N) 0.78+ 0.05 0.80+ 0.06 0.72+ 0.10 polar amino acid residues can indicate that the helix may lie
Pro (P) 0.10+ 0.02 0.08+ 0.02 0.13+ 0.05 at or near the protein surface, whereas the presence of an
-+ —+ + . . . .
Gin (Q) 1.40+0.07 1.33+0.08 1.64x 0.17 excess of apolar aliphatic residues like Leu can be an
Arg (R) 1.33+ 0.06 1.26+ 0.07 1.57+ 0.15 NN L X .
Ser () 072+ 0.04 0.71= 0.05 0.78+ 0.09 indication that the helix is long and is probably located in
Thr (T) 0.84+ 0.05 0.84= 0.05 0.85+ 0.10 the core of the protein globule. The presenc@difranched
val (V) 1.05+ 0.05 1.11* 0.05 0.82+ 0.09 and aromatic residues, in addition to Gly and Pro in the
Trp (W) 0.98+0.10 0.94= 0.11 1.10+0.23 middle of helices, would suggest that the helix either has
Tyr (Y) 0.94+ 0.06 0.92+ 0.07 1.03+ 0.13

high curvature or is kinked. Similarly, these results may be
Amino acid propensities and their standard deviations are calculated ag/ery useful in the de novo design of protein motifs based on

cording to formulae given by Williams et al. (1987). The 118helices a-helical structures. If the designed helix should be long,
contain a total of 6629 amino acid residues, of which 5125 residues - . .
constitute 1046 short helices and 1504 residues are present in the 85 lo one may consider using Leu, Arg, and Tyr instead of Ala,

helices. r{?al, Lys, and Phe. To generatehelix with high curvature,
residues like Thr and Gly should be preferred.

These results, in general, confirm the conclusions from our
earlier analysis (Kumar and Bansal, 1996), which used
smaller database of short helices, i.e. among similar res%:oNCLUSIONS
dues, those with the longer side chains are preferred by longhe present analysis of 113&helices, with lengths varying
a-helices over others with shorter side chains (e.g., Leu i$rom 9 to 37 residues, shows that geometries of nearly all
preferred over Ala and Val, GIn is preferred over Asn). In a-helices in the globular proteins can be simply character-
addition, residues with a greater number of functionalized as being linear, curved, or kinked. Most of tadeli-
groups have higher propensities for longer helices (e.g., Arges (~73%) show varying degrees of smooth curvature,
has a higher propensity than Lys, Tyr has a higher propenwith longer helices generally tending to be less curved. A
sity than Phe). localized sharp kink appears to be the preferred mode of
severe/high bending for longer helices, as indicated by the
fact that mean length of the kinked helices is 206,
whereas that of linear and curved helices ist12 and 14+
The results presented above are based on a comprehensbveesidues, respectively.
analysis of a large database @fhelices found in nonho- a-Helices of various lengths or geometries do not segre-
mologous globular proteins. Because of the sufficientlygate into different regions of a protein globule. Structural
large size of the database and the use of more than orfeatures ofa-helices, such as length and geometry, do not
statistical measure to characterize various properties, thisorrelate with the thermal fluctuations in the coordinates of
study is able to avoid pitfalls and small data biases. Ittheir constituent atoms. Rather, these features are inherent
provides an improved understanding of the fine features oproperties of the helices, encoded in their amino acid se-
a-helical structures and can lead to more accurate secondaguences. Sequence compositions and propensities of indi-
structure prediction and better de novo design strategies. vidual amino acids to occur i-helices vary with helix
Although several previously known structural propertieslength, geometry, curvature, and location in the protein
of a-helices have been reaffirmed in this analysis, there arglobule. Residues with polar side chains, viz., Gin, Glu,
some surprises, too. For example, this study establishes fauys, and Arg, are all significantly more frequent in helices
the first time a strong structural relationship between helixthat occur at or near the protein surface. Very significant
length and curvature, as well as amino acid compositiondifferences are seen between the amino acid composition of
This result is invaluable from the point of view of de novo 45 kinkeda-helices and those of linear or smoothly curved

Potential applications of the results
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helices. Helix-breaking residues (such @dranched and Chakrabartty, A., J. A. Schellman, and R. L. Baldwin. 1991. Large differ-
aromatic residues, in addition to Gly and Pro) are often ences in the helix propensities of alanine and glyciNature. 351:

f d in th . f Kink : h d . 586-588.
ound in the region of kink, suggesting a thermo ynamICChou, K. C., and C. T. Zhang. 1995. Prediction of protein structural

correlation. Gly, Pro, Val, Thr, and Phe are also found to classescrit. Rev. Biochem. Mol. Biol30:275-349.

occur, with more than their expected frequencies, in thecreighton, T. E. 1993. Proteins: Structure and Molecular Properties, 2nd
highly curved helices. Among amino acids with similar side Ed- W. H. Freeman and Company, New York.

chains. those with Ionger and/or a greater number of funcl:!obohm, U., and C. Sander. 1994. Enlarged representative set of protein
ti | ' f d h £ ty in | structuresProtein Sci.3:522-524.

|oqa grqups are found much more irequently In OngerHobohm, U., M. Scharf, R. Schneider, and C. Sander. 1992. Selection of
helices (viz. Leu> Ala/Val, GIn > Asn, and Arg> Lys). representative protein data se®otein Sci.1:409—-417.

Hence propensities of individual amino acids to occur in akabsch, W., and C. Sander. 1983. Dictionary of protein secondary
given secondary structure depend not only on its conforma- structure: pattern recognition of hydrogen bonded and geometrical fea-
. tures.Biopolymers22:2577-2637.

tion but also on the length, geometry, curvature, and loca: _ )

. . . Kendrew, J. C., G. Bodo, H. M. Dintzis, R. G. Parrish, H. Wycoff, and
tion of the secondary structqre in the prOte.m ngbUIG- Th'e D. C. Philips. 1958. A three dimensional model of the myoglobin
sequence-structure correlation observed in this analysis, molecule obtained by x-ray analysiNature.181:662—666.

along with those observed in a previous paper (Kumar an¢umar, S., and M. Bansal. 1996. Structure and sequences characteristics of
Bansal, 1998), if incorporated in protein structure prediction '0"9 « helices in globular proteinsiophys. J.71:1574-1586.

. - umar, S., and M. Bansal. 1998. Dissectiaghelices: position specific
algorithms, should lead to better prediction of secondary analysis ofa helices in globular protein®roteins Struct. Funct. Genet.

structure as well as de novo design of novel motifs contain- 31:460-476.
ing a-helices with predefined length and geometry. Lee, B., and F. M. Richards. 1971. The interpretation of protein structures:
estimation of static accessibility. Mol. Biol 55:379—-400.
Medhi, J. 1992. Statistical Methods: An Introductory Text. Wiley Eastern
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